We report the compositional dependence of the electronic band structure for a range of III-V alloys. Density functional theory with the PBE functional is insufficient to mimic the electronic gap energies at different symmetry points of the Brillouin zone. The HSE hybrid functional with screened exchange accurately reproduces the experimental band gaps and, more importantly, the alloy concentration of the direct-indirect gap crossovers for the III-V alloys studied here: AlGaAs, InAlAs, AlInP, InGaP, and GaAsP.
Knowing the alloy concentrations where the semiconductor is direct or indirect is essential for optoelectronic device design. Consequently a correct quantitative assessment of the electronic structure across different symmetry points of the Brillouin zone for the alloy is vital. Most studies focused on density functional theory (DFT) calculations using the local density approximation (LDA) or the generalized gradient approximation (GGA) which do poorly on excited states. Only recently have hybrid functionals been used in predicting accurate excited states in individual semiconducting alloys.
1,2
The Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [3] [4] [5] [6] [7] , which combines the screened exchange with the Perdew-Burke-Ernzerhof (PBE) GGA functional, 8 out performs previous DFT methods in reproducing bulk band gaps. 6, 9, 10 We report HSE reproduces not only the band gaps across the entire composition range of each alloy studied here but also the direct-indirect band gap crossovers seen experimentally.
Figure 1(a) demonstrates this significant improvement of HSE over PBE in predicting the direct-indirect (Γ-X) crossover (denoted by vertical arrows) for the AlGaAs alloy compared with experiment.
11 HSE reproduces the direct-indirect crossover within 5% Al concentration from the most recent experimental value published by Yi et al. 12 The PBE functional which doesn't take into account screened exchange overestimates this crossover by 23% Al concentration.
The disordered zinc-blende (cubic) alloys are best modeled by special quasirandom structures (SQS), 13 ordered structures designed to reproduce the most important pair-correlation functions of a random alloy. The best possible 32-atom SQS's we produce for concentrations of x = 0.25 and x = 0.50 match the pair-correlation functions of a random alloy up to 3rd and 7th nearest neighbors, respectively.
14 The SQS with concentration x = 0.25 can be used interchangeably with that of x = 0.75. Table I gives the lattice vectors for each SQS used to describe the optical transitions as seen in the zinc-blende primitive cell through folding relations in the Brillouin zone. The SQS with concentration x = 0.50 has a basecentered orthorhombic space group symmetry with the following folding relations in reciprocal coordinates,
2 ) where the bar denotes superlattice states and the coefficent denotes degeneracies. The SQS with concentration TABLE I. The lattice vectors of the triclinic x = 0.25 and the base-centered orthorhombic x = 0.50 SQS's in units of a/2 where a is the lattice constant of the alloy AxB1−xC.
Concentration
Lattice vectors x = 0. 25 (1,1,-2) (0,-3,-1) (-4,1,-1) x = 0.50 (4,2,2) (-4,2,2) (0,-1,1) x = 0.25 has a triclinic space group symmetry with folding relations given by,
2 ) The calculations are performed using the projector augmented-wave (PAW) method. 15 The functionals included are the PBE and the HSE06 4 hybrid functional in the vasp code. 16 The Ga 3d and In 4d electrons are treated as valence and the wavefunctions are expanded in plane waves up to an energy cutoff of 500 eV. The Brillouin-zone integrations have been carried out on (10×10×10), (6×4×4), and (4×4×8) Γ-centered k meshes for the face-centered cubic primitive cell and SQS supercells for x = 0.25 and x = 0.50, respectively.
The lattice constants are linearly interpolated between the experimental parent compound lattice constants taken from Vurgaftman et al.. 11 Relaxations are not taken into account after observing only a slight shift of 1% Al concentration in the direct-indirect crossover in the AlInP alloy using the PBE functional. The compositional dependence of the band gap is described by a quadratic fit to the data, whereas a cubic fit is taken for only the direct gap of AlGaAs. Table II. For Al x In 1−x As, Figure 2 (a) displays the band gap energy for both HSE, PBE, and the recommended experimental bowing parameters.
11 HSE not only predicts a real band gap for the concentration range of 0-10% of Al for this alloy, but also reproduces the Γ-X crossover by 4% Al concentration compared with PBE's overestimation by 12% Al concentration as seen in Table II. For Ga x In 1−x P, Figure 2 (c), experiments utilizing optical luminescence measurements see only a single Γ-X crossover [21] [22] [23] [24] [25] [26] [27] whereas high pressure electrical measurements 28 and piezoreflectance measurements 18 observed two-point crossovers for Γ-L and L-X two point crossovers.
Both HSE and PBE yield two point crossovers as seen in Fig. 2(c) with only HSE reproducing crossover points that lie nearly on top of experiment as well as reproducing the band gap to within 8% accuracy throughout the whole Ga concentration. For GaAs 1−y P y , Figure 2 (d), both HSE and PBE predict a two-point crossover in Fig. 2(d) ; whereas experiments which rely on optical luminescence observe only a single point Γ-X crossover at x = 0.45. HSE not only produces a direct-indirect crossover that agrees better with experiment, but also predicts a two-point crossover that is only separated by 2% P concentration that might be seen as a single point crossover in experiment.
For Al x In 1−x P, Figure 2 20 More studies of the AlInP alloy could provide a detailed comparison with theory.
To conclude, HSE reproduces direct-indirect crossovers within 12% atomic composition for the alloys studied here, whereas PBE overestimates crossover points by 39% atomic composition. The HSE functional also substantially improves on band gap energies across the entire composition range. We expect HSE to perform similarly for other semiconducting alloys. 
